In this study, sediment variation and water yield in a downstream direction over a six month period are presented for a watershed with mixed land use/cover, located in eastern Alabama, USA. The relative effects of pastoral, forested, and clear-cut areas on soil erosion, sediment delivery, and water yield are compared, and the efficacy of a streamside management zone (SMZ) at trapping sediment from a clear-cut was also explored. As expected, water and sediment yields increased in a downstream direction in the watershed study area. The furthest downstream section generally had the highest sediment concentration with the forested middle section having the lowest. The highest sediment yield per unit area originated from the pastoral portion of the watershed during rainfall events. The forested section generated less sediment than other parts of the watershed during storm events. Sediment loading increased due to clear cutting on the downstream section. The SMZ appeared incapable of trapping the sediment originating from the clear-cut during storm events. This study shows the importance of factoring in upstream land use/cover conditions when designing SMZs for sediment trapping. Keywords: Clear-cut, discharge, Land use, sediment, streamside management zone (SMZ).
INTRODUCTION
With increasing pollution, human population, and global warming, clean water is becoming one of the most precious natural resources for the future. Impact of human activities such as land conversion, deforestation, urbanization, and forest management diminish surface water quality (Akbulut et al. 2010 ). In the last two decades, there has been growing concern over the impact of human activities on water quality (Amatya 2007, Balkis and Aksu 2012) . Silvicultural treatments such as timber harvesting and residue removal may increase the amount of sediment leaving a forested watershed (Saleh 2004) . However, the adverse effects of forest management on water quality can be reduced by the implementation of best management practices (BMPs) (Norris 1993) . Forest BMPs are designed as the minimum standards necessary to protect and maintain water quality during forestry activities. A Streamside Management Zone (SMZ) is one of the most commonly employed nonstructural BMP types. It is a strip of land managed to protect the surface water and riparian values from forestry operations (Anonymous 1999) .
Forested watersheds are generally associated with high quality water compared to watersheds with other major land use/cover types (Chang 2006) . However, sediment is a primary non-point source (NPS) pollutant in watersheds having significant area in managed forests. Sediment poses the biggest risk to water quality following harvesting operations (Grace 2005) , as such operations may disturb the soil cover and expose the soil to erosion (Fulton and West 2001) . Several studies have shown the effectiveness of riparian buffers in trapping sediment. Cooper et al. (1987) have shown that a riparian buffer can trap 84 to 90 percent of the sediment loading. The effectiveness of an SMZ is associated with its width, slope, density, vegetation type, surface litter layer, soil structure, as well as frequency and force of storm events (Klapproth and Johnson 1999) . For example, Ensign and Mallin (2001) monitored changes in stream water quality following timber harvesting, and found that a 10 m buffer width was insufficient to prevent impacts of forest clear cutting on water quality.
This study was designed to examine the effects of different land use practices, including forestry operations, on sediment and water yield in a small forested watershed near Auburn University, Auburn, Alabama. Most studies in literature focus on the effects of one particular treatment such as clear cutting, thinning or streamside management zones on soil erosion, and/or sediment and water yield. In this paper, we explore how different land use types and forest operations impact sediment and water yield on the same watershed. The study watershed was sampled at three different locations along the main stream. Each station displays different land uses.
The overall objective of this study was to determine the change in sediment and water yield based on land use/cover. Specific objectives included: 1) determine the effects of pasture on sediment and water yield, 2) quantify the effect of forest cover on sediment and water yield after a stream enters a forested area, and 3) determine the efficacy of a streamside management zone (SMZ) adjacent to a clear-cut in reducing sediment yield.
METHODS Study Site
The study was conducted on the Mary Olive Thomas Demonstration Forest which is owned and managed by the School of Forestry and Wildlife Sciences, Auburn University, Auburn, Alabama. The property consists of a 162 hectare tract of land. The study area is located at the toe of an upland area. It is a transition zone from a Piedmont upland to a bottomland. The average annual rainfall is 148 cm, and is distributed relatively evenly throughout the year (Dubois et al. 2000) . The average daily temperature is 7°C in winter and 27°C in summer. The average relative humidity in mid-afternoon is about 50%, and humidity is higher at night (McNutt et al. 1981) . Most of the area has slopes of less than 6%; however, steep slopes are present on some parts of the tract and the lower slopes along the creeks are quite rocky. Pacolet series is the predominant soil type on the property except for narrow bands of Taccoa sandy loam along streams and main drainages. These soils are considered typical soils of the Piedmont plateau, and are fairly productive for forests (McNutt et al. 1981) .
The timber on the property is primarily Loblolly pine (Pinus taeda L.). However, the SMZs (including the study area) are dominated by deciduous species such as white oak (Quercus alba), water oak (Q. palustris Muenchh.), sweetgum (Liquidambar styraciflua L.), yellow poplar (Lirodendron tulipifera L.), red maple (Acer rubrum L.), Hickory (Carya), and flowering dogwood (Cornus florida L). The average site index for loblolly pine is about 26 m (base age 50 years) on the property. The SMZ stands are well stocked, and are typically wider than required (approximately 20 m) by the State of Alabama guidelines (Anonymous 1999) .
A 37 ha watershed within the Mary Olive Thomas Demonstration Forest was chosen for this study. This watershed was divided into three sections (hereafter referred to as Tw1, Tw2, and Tw3) based on land use or forestry treatment (Figure 1 ). An intact SMZ bordered the stream the entire length of the watershed from point T1 south to T3. Section Tw1 (north of T1) is an open area, mostly pasture with a pond in the middle of the section. The central portion of the study area, Tw2, is entirely forested. In Tw3, there is a clear-cut area north of the SMZ that was harvested in early 2008, prepared with herbicide in late summer, and planted during the 2008-09 dormant season. The area of the clear-cut is 3 ha, and it covers about 8% of the whole watershed and 23% of section Tw3.
Arc SWAT was used to determine watershed boundaries and extract the stream network of the study area (Neitsch et al. 2005) . One monitoring station was established on each section (T1, T2, and T3) to measure flow and sample total suspended sediments (TSS). The first station (T1) was located on the north boundary of the forested area to observe how much sediment entered the forested area from the pasture at the northern extent of the watershed. The second station (Tw2) was located at the upstream edge of the clear-cut area so that a comparison with T1, would be possible to see the effect of intact forest cover on sediment rate changes in the stream. The third station (T3) was located at the downstream end of the watershed to evaluate the additive effects of a clear-cut area on erosion and sediment transport through an intact SMZ.
Sediment and Hydrologic Sampling
Sediment (as TSS) data was sampled from April 2009 to October 2009. Flow stage was monitored using the Solinst Levelogger Gold Model 3001 pressure transducers installed at each monitoring station. In addition to continuous water stage measurements by transducers, stream discharge measurements were recorded, and water samples were collected during rainfall events. Continuous discharge data was created using flow-rating curves between water levels and discharge data. TSS was determined from water samples and continuous sediment data was estimated using the LOADEST software (Runkel et al. 2004) Stable and relatively tranquil (no eddies or turbulences) portions of the channel were chosen for the installation of transducers. The transducers were set to collect stream stage levels every 15 minutes. Leveloggers record the combination of barometric pressure and water pressure. They convert the total pressure reading to its corresponding water level equivalent by adjusting water stage measurements with a compensation factor based on barometric pressure (Anonymous 2009 ). The study site was visited during rainfall events. The proximity of the sites to Auburn University allowed us to capture most rain events (rain events with lighting activities were avoided). Grab samples were taken with polypropylene bottles prior to flow measurements to ensure that no sediment caused by persons wading in the stream would contaminate the samples. Stream discharge was measured at each station using a MarshMcBirney Inc., Model 2000 portable flow meter during each site visit. The standard stream crosssectional velocity profile method was used to obtain discharge (Hewlett 1969) . The cross-sectional area of the stream was determined by measuring the stream depth at every 10, 20 or 30 cm depending upon stream width, and recording the velocity of the water at a depth of 0.6 meter. Total discharge (Q) was calculated with the following equation:
Q=Σ (width of each increment*mean depth of each increment*mean velocity of each increment)
The total suspended sediment (TSS) was determined from water samples using the 2540 total suspended solids dried at 103-105°C. In this method, a standard glass-fiber filter is washed with 100 ml of distilled water, dried in an oven at 103-105°C for one hour, and then weighed. This process is repeated twice for each filter to obtain more accurate results. After the filters are washed, 100 ml of well-mixed water samples are filtered through the pre-washed and weighed filters, dried at least one hour in an oven at 103-105°C, cooled for 15 minutes, and weighed. The heating, cooling and weighing are repeated twice for each sample as in the previous process. The TSS concentrations are then calculated using following equation; TSS (g/L): [(mass filter + dried residue) -(mass filter)] / sample volume 100 mL x 1000
Statistical Analysis Actual water levels were associated with discharge measurements taken during each site visit to determine water level-discharge relationships. These relationships were used to calculate the total discharge for each 15 minute period by creating rating curves between water levels and discharge data from each station. A high correlation between water levels and discharge data was obtained for stations T1, T2, and T3 (R 2~0 .92, R 2~0 .95, and R 2~0 .86, respectively). The TSS concentrations were also used to estimate sediment loads for each 15 minute period using the LOADEST software. LOADEST requires a time series of stream flow, and constituent concentration (sediment concentration) at a time of a day to assist the user in developing a regression model for the estimation of constituent load (calibration) (Runkel et al. 2004 ). The best relationship between sediment load and discharge obtained through LOADEST at each site was in the form of (R2~0.99) Ln Y = a 0 + a 1 LnQ + a 2 Ln 2 Q where, Y is sediment load, Q is discharge, and a 0 , a 1 and a 2 are regression coefficients. Hydrographs and sediment graphs at each sampling site were developed using the 15-minute discharge and sediment data, respectively. Once the stream flow hydrographs were generated, the quick flow and base flow components were separated using the WHAT model (Muthukrishnan 2005) .
RESULTS AND DISCUSSIONS Hydrology
Hydrology can have substantial impact on water quality within a watershed. As commonly occurs, flow increases downstream. The hydrographs peaked during rainfall events but exhibited little or no flashiness. During dry periods, there was no significant increase at T2 compared to T1. This suggests that the forested middle section had very little base flow contribution. On the other hand flow is distinctly higher at T3 during dry periods suggesting that the section between T2 and T3 (Tw3) has much higher base flow rates. Another reason for the increasing discharge at T3 during dry periods is that T3 drains a larger area than the other upstream stations.
Flow contributions of each section were examined by subtracting T1 from T2 (called Tw2) and T2 from T3 (called Tw3) (Figure 2 ). Since the area each section drains differs in size, discharge per unit area for each section is shown in Figure 2 . In general, during storms Tw1 (area above T1) generates more water per unit area. However, during base flow times Tw3 yields more water than the other two sections. Section Tw2 generates more water than section Tw3 during storm events even though it yields the least water per ha during dry periods. We attribute this to low base flow coming from the area. When it rains the subsurface flow (also called interflow) is the main flow generating mechanism in this sub watershed. Groundwater in this section seems to be flowing horizontally and most of it does not meet the stream before it reaches Tw3.
Hydrograph Separation Direct runoff results from excess precipitation occurring on a watershed. Direct runoff from each section is associated with rain events. Total direct runoff per unit area is mostly higher on Tw1 and lower on Tw2 during rain events (Figure 3) . This illustrates the effect of forested areas at reducing direct runoff by increasing interception and transpiration. Direct runoff increases on Tw3 during rainfall events because of the existing clear-cut since clear cutting causes a reduction in interception and evapotranspiration. There is little runoff during dry periods at any of the stations.
Base flow is the flow of water entering stream channels from ground water sources that is not attributable to direct runoff from precipitation. Base flow rate per unit area is higher from Tw3 and lower from Tw2 (Figure 4) . However, there were prolonged periods where Tw1 had higher base flow, such as from mid-August to early October. Decreasing slope (concave shape) seems to be the biggest factor increasing base flow on Tw3. As slope decreases, streams usually get closer to the water table, and generate more base flow (Hewlett 1969) . During the dry periods, total flow is equal to base flow at all stations. The forested middle section has the lowest base flow contribution in the study watershed.
Sediment Load
As water yield increases in a downstream direction, sediment load increases as well. Sediment load is mainly created by the biggest rain events. About thirty percent of the total sediment load was created by the four biggest storm events during a six month period. A higher amount of sediment load per hectare originates from section Tw1 during rain events as this section generates a higher amount of water per unit area in comparison with the other two sections (Figure 5 ). Since sediment yield from the pasture is higher, it may be suggested that open areas generate much more sediment yield than forested areas during storm events. We were concerned that sediment yield may be affected by the pond in the middle of section Tw1, which may allow settlement of sediment before it reaches the forested area. However, it may be suggested that the pond does not retain sediment during rainfall events. The sediment rate from section Tw2, which is forested, is lower than other sections, thus showing the importance of forested areas as the least likely sediment source. Sediment yield from section Tw3 is higher than section Tw2 with the effects of the clear-cut and forest roads. We also expected that sediment yield would not be increased by the clearcut at station T3 due to the existing SMZ, but it appears that the SMZ is not effective at trapping the entire sediment yield from the clear-cut area and roads. Tw3 has a higher sediment rate than upstream sections during dry periods. Higher base flow seems to be the factor increasing sediment yield during dry periods at T3 by causing instream water flow.
Sediment concentration Sediment concentration gives the ratio of the dry weight of the sediment in a water-sediment mixture to the total weight of the mixture. Sediment concentration is higher at T3 corresponding to rain events. Again, the forested middle section (Tw2) has lower sediment concentration levels than other sections during all storm events and dry periods (Figure 6 ). During dry periods, T3 still has a higher concentration than the upstream stations. Table 1 gives some important percentages about the hydrology of the sections, and of sediment yield. Section Tw2 converts a smaller percentage of precipitation to stream flow as expected since this section is forested and is associated with high evapotranspiration and interception loss. The ratio of base flow/precipitation is higher in Tw3 which means a higher percentage of precipitation joins to base flow on Tw3. Higher percentage of stream flow is base flow (81%) on Tw3, and is lower on Tw2 (66%). The RB (Richard-Baker Index) values give flashiness which is the stream flow response to storms of each station (Baker et al. 2004) . Streams that rise and fall quickly are considered flashier than those that maintain a stable flow. Section Tw1 looks flashier than downstream sections while section Tw3 is the least flashy. Even though a higher amount of sediment is created by Tw1 during rainfall events, section Tw3 generated a higher amount of sediment in total during the 6-month period with less sediment load coming from the forested section in total during the 6-month period (Table 1) .
Comparison with Pertinent Literature
There are few studies in the literature comparing sediment load and/or concentrations from mixed land use located in similar geographies. Higher TSS concentrations have commonly been observed from pastoral watershed compared to forested watersheds (Crim 2007 , Fahey and Marden 2000 , Dune 1979 ). Fahey and Marden (2000) compared sediment yield from a pasture and forested catchments and observed 0.38 kg day -1 ha -1 sediment yield from the forested catchment and 1.24 kg day -1 ha -1 from the pastoral catchment. In a similar study, sediment yield from a forested catchment changed between 0.54 and 0.82 kg day -1 ha -1 while higher amounts of sediment yield was observed from a rangeland catchment (2.74 -547 kg day -1 ha -1 ) (Dune 1979) . In this study, mean sediment yield was 0.18 kg day -1 ha -1 from the pasture and 0.06 kg day -1 ha -1 from the forested section. Both of these values are smaller than the values reported in the literature.
In order to protect water quality, SMZs are usually recommended during forest activities (Blinn and Kilgore 2001 , Arthur et al. 1998 ) Lakel et al. (2006 observed the effects of a clear-cut on water quality, and concluded that no change in water quality occurred due to a streamside buffer. In a similar study, Wynn et al. (2000) compared sediment yield from two clear cutting areas, one with and one without SMZ, and concluded that the SMZ was effective at trapping sediment yield from the clear cut area. Arthur et al. (1998) observed 1.15 kg day -1 ha -1 sediment load during treatment and 0.83 kg day -1 ha -1 post-treatment from a clear-cut area with BMP. Mean sediment yield from the clear-cut area in our study was 0.25 kg day -1 ha -1 . Even though sediment yield increased in Tw3 compared to Tw2, it is still smaller than what has been reported in the literature.
SUMMARY AND CONCLUSIONS During a six month period, we observed sediment and water yield on three sections of a small watershed. Effects of different land use and forestry treatments on sediment and water yield were evaluated. Discharge and sediment yield increased downstream on the study watershed. During storm events, Tw1 generated more water per unit area than downstream sections. However, Tw3 yielded more water than two upstream sections during base flow times. Forested section Tw2 generated more water per unit area than section Tw3 during storm events, although it yielded the least water per unit area during dry periods.
Most of the sediment load was generated on Tw1 during storm events in spite of the existence of a pond in the middle of Tw1, which likely reduced the amount of sediment leaving Tw1. However, section Tw3 created more sediment in total during the 6-month period because of the high sediment rate during rain events and high instream erosion during dry periods caused by higher base flow contribution. Section Tw3 generated higher sediment yield per unit area than section Tw2 during rainfall events. This suggested that the current SMZ is not sufficient to trap all of the sediment from the clearcut area during storm events. The forest road may be another source of the erosion and sediment load, but our sampling methodology did not allow us to separate the contribution of the road from that of the clear-cut. During dry periods, most of the sediment load was generated in Tw3 and the least in Tw2. The downstream section generally had the highest sediment concentration while the forested section had the least.
The pasture had a higher direct runoff rate while it was lower on Tw2 due to the effectiveness of forest cover in reducing runoff. Base flow was markedly higher on the third section that has a milder slope. When slope decreases, water table merges to water levels in streams, providing a higher Table 1 . Characteristics of each section in terms of hydrology and sediment yield.
1 The proportion of precipitation on the watershed that is converted to stream flow. 2 The proportion of precipitation on the watershed that is converted to base flow. 31 The proportion of stream flow on the watershed that is contributed by base flow. 4 Flashiness. Eko lo ji No: 84, 2012 base flow. During the six month period, section Tw3 created the most sediment. Section Tw1 was the flashiest section. The forested section (Tw2) converted a smaller percentage of precipitation to stream flow since this section was associated with a high rate of evapotranspiration. This study showed the importance of forest cover at reducing sediment yield. Forest cover also seems effective at reducing direct runoff on a watershed. It may be suggested that clear cutting may cause an increase in sediment load without properly managed forest roads and SMZs. If effective forest road BMPs are not in place then simply focusing on SMZs to reduce sediment yield does not seem to be sufficient. This study also shows the importance factoring in upstream land use/cover conditions when designing SMZs for sediment trapping.
